Over 50 single nucleotide polymorphisms (SNPs) have been identified by genome wide association studies (GWAS) to be associated with susceptibility to type 2 diabetes (T2D); however the causal gene in most cases is not known. In this study we sought to identify which may be the most likely causal genes at five T2D GWAS loci by measuring their expression in control and T2D islets, as well as observing their regulation by glucose. We measured the expression of ten genes at five loci (CDKN2A/2B, CDC123/CAMK-1D, HHEX/IDE, TSPAN8/LGR5, and DGKB/TMEM 195), in control and human pancreatic islets by real-time PCR. We then measured the expression of these genes in the rodent pancreatic beta cell line INS-1 exposed to 5.6 mmol/l, 11 mmol/l and 28 mmol/l glucose for 48 hours. We found differential expression of the longest isoform of CDKN2B specifically between control and T2D human islets, whereas the shortest isoform of this gene had no expression in islets. Tmem195 was the only gene to show differential expression in response to increasing glycemia in INS-1 cells under the conditions described. Our study is an example of how the differential expression of genes in loci spanning more than one gene can aid identification of the more likely causal gene.
INTRODUCTION
Genome wide association studies (GWAS) have identified more than 50 single nucleotide polymorphisms (SNPs) associated with susceptibility to type 2 diabetes (T2D) in human populations of different ethnicities [1] [2] [3] . Variants associated with T2D risk predictors, such as fasting glucose and fasting insulin have also been identified [4] . Very few GWAS SNPs lie in the regions of the genome that encode proteins; to date, the only coding variants associated with T2D lie in the SLC30A8 and GCKR genes [5] . Accordingly, the vast majority of the diabetes-associated variation is located in non-coding regions of the genome; at least 80% of which was recently described to contain functional regulatory elements by the ENCODE project [6] [7] [8] [9] [10] [11] . Genetic variation thus has the potential to alter the regulation and function of genes by several mechanisms, including modulation of constitutive or alternative splicing or modification of mRNA stability, since such post-transcriptional mechanisms of gene regulation rely on sequence context for binding of regulatory proteins or RNAs [12] [13] [14] . This suggests that most genetic variants may exert their effects by influencing the expression and regulation or processing of particular genes.
Identification of precisely which gene may be affected by the variant is not straightforward; most candidates are predicted by the distance from the index SNP, their location in open chromatin and by biological plausibility. The recent characterization of the genome by ENCODE [6] [7] [8] [9] [10] [11] highlights many previously uncharacterized regulatory elements which may also inform on the identity of the gene affected, but in many cases, the index locus still will encompass several possible candidates. An important first step in identifying which genes play a role in the etiology of diabetes is to determine which of those genes are expressed in human islet samples: genes not expressed either in control or type 2 diabetic beta cells may be less likely to be causative genes. Whether or not candidate genes are expressed in relevant tissues is complicated by the fact that their expression may also be affected by the diabetic microenvironment [15] , so the initial study of non-diabetic samples is essential. Since the T2D microenvironment (i.e. hyperglycemia, dyslipidemia) has been shown to alter regulation of gene ex-pression [16, 17] , it is possible that candidate genes may also be involved in disease progression by altering beta cell function.
In this study, we aimed to use gene expression profiling in human islet samples to provide evidence to aid definition of the causal genes at 5 loci which were amongst the first to be associated with T2D susceptibility by GWAS and had more than one candidate gene at each locus [1, 2] . In each case the most significantly associated SNP was positioned at a locus spanning two genes where both are equally plausible candidates in terms of proximity to the index SNP [1, 2] . The 5 loci were located at chromosome 10p13 (CAMK1D/CDC123), 9p21.3 (CDK N2A/CDKN2B), 7p21.2 (DGKB/TMEM195), 10q23.33 (HHEX/IDE) 12q21.1 (TSPAN8/LGR5). Moreover, all but the TSPAN8/LGR5 locus have been associated with glucose and insulin traits [18] [19] [20] , indicating that they may have their effect through altered beta cell function. We analyzed the expression of target genes in normal human islet samples (n = 5) and to establish whether the expression of candidate genes could be responsive to the diabetic microenvironment, we analyzed the expression of the same set of genes in islet samples from donors with T2D (n = 3). We also analyzed the expression of the 10 genes in the rodent pancreatic beta cell line INS-1 treated with exogenous glucose.
METHODS

Details of Islet Cohort
Islet samples from control and T2D donors were procured from ProCell Biotech (Newport Beach, USA). Islet purity and viability measurements were conducted by the donor company and were determined by dithizone and fluorescein diacetate/propidium iodide staining, respectively. The control and T2D islet donor cohort information is shown in Table 1 . We compared the expression of genes associated with T2D by GWAS in islets from five control donors and three donors who had T2D. Small sample sizes were used because of the scarcity of human islet samples available. Donors were of mixed gender and ethnicity. Cause of death was mostly from head trauma, except for donor OD35543, where the cause of death was from an intracranial solid neoplasm. The mean ages and BMIs of the control and T2D donors were as follows: Control: 42 (age), 33.2 (BMI); T2D: 55 (age), 37.6 (BMI). The differences between age and BMI in the control and T2D groups were not statistically significant when compared using a two-tailed Student's T-test.
Rna Extraction, Reverse Transcription and Gene Expression Analysis
RNA was extracted from the cells and human isletpreparations using the MirVana RNA Isolation pro- Table 1 . Cohort information for the human cadaveric islet donors. RNA from five control islet samples were available, and three from individuals with T2D. Difference in age or BMI did not reach statistical significance between the two groups. M = male; F = female; C = Caucasian; AA = African-American; A = Asian; CVA = cerebrovascular accident; CNS = central nervous system. Islet cedure, according to the manufacturer's instructions (Life Technologies, Foster City, USA). RNA from the INS-1 cells (3 biological replicates), and from diabetic and non-diabetic human islets was reverse transcribed using Superscript III enzyme (Life Technologies, Foster City, USA), after DNA was removed from the RNA samples using TURBO DNA-free (Life Technologies, Foster City, California). Loci were chosen on the basis that they have been associated with T2D susceptibility or fasting glucose by GWAS and include 2 equally likely candidate genes based on proximity to the index SNP [1, 2] . Expression of the 10 candidate genes was analyzed on custom designed cards using TaqMan Low Density Array (TLDA) on the ABI Prism 7900HT platform (Life Technologies, Foster City, USA). Expression of each target was measured by relative quantification, and normalized back to the global ΔCt in order to allow comparison of expression levels across genes and between tissues.
Cell Culture
The rodent pancreatic beta cell line INS-1 was cultured in RPMI 1640 medium (Life Technologies, Foster City, USA) at an ambient glucose concentration of 11 mmol/l, with 10% fetal calf serum and 1% penicillin/ streptomycin. Cells were incubated under these conditions in a humidified atmosphere at 37˚C for 72 hours.
After 72 hours, the INS-1 cells were then seeded at a density of 1.4  10 4 cells/cm 2 in 25 cm 2 flasks. Cells were cultured at one of three glucose concentrations for 48 hours: 5.6 mmol/l (low glucose), 11 mmol/l (ambient glucose), and 28 mmol/l (high glucose) (Figure 1 ) (conditions used by Cnop and colleagues to simulate hypo/ hyperglycemia in type 2 diabetes) [21] .
Statistical Analyses
Significant changes in gene expression between control and T2D human islets were identified using the Mann-Whitney U test and the most stable endogenous controls (B2M, GUSB) were found using the GeNorm algorithm [22] in the StatMiner TLDA gene expression analysis software (Integromics, Granada, Spain). Pairwise comparisons between low (5.6 mmol/l) and ambient (11 mmol/l), low (5.6 mmol/l) and high (28 mmol/l), and ambient (11 mmol/l) and high (28 mmol/l) glucose conditions were carried out using one-way ANOVA to determine significant changes in gene expression across these groups. The most stable endogenous controls (B2m, Hprt1, Tbp) were identified as before.
RESULTS AND DISCUSSION
Dozens of loci have been associated with T2D susceptibility by GWAS, although the causal gene or genes in most cases remain elusive. We have analyzed the expression of ten genes at five loci in control and T2D human Figure 1 . Gene expression in INS-1 cells cultured in low (5.6 mmol/l), ambient (11 mmol/l), and high (28 mmol/l) glucose concentrations for 48 hours. The only gene significantly altered in expression by glucose under the conditions described was Tmem195. The expression of this gene was significantly altered between low and high glucose concentrations. Gene expression differences were statistically analyzed by one-way ANOVA and were normalized to the mean expression of the most stable endogenous controls (B2m, Hprt1, Tbp). Expression is shown relative to median expression across all genes. ** indicates P < 0.005. islets in the hopes of identifying which gene at each of these loci is more likely to be the causal gene. All but one (TSPAN8/LGR5) of these loci have been associated with glucose and insulin traits [18] [19] [20] , indicating that they may have their effect through altered beta cell function.
Results of our screen are given in Table 2 . We found some expression of TSPAN8 in human islets, whereas LGR5 was not expressed in either control or T2D human islets, which makes TSPAN8 a more likely candidate at the TSPAN8/LGR5 locus. The current literature corroborates this proposal, although this is the only locus of the five studied that shows no evidence of association with measures of beta cell function [18, 23] . TSPAN8 is a cell surface glycoprotein with a role in cell migration, differentiation and adhesion [24] . A study by Marselli and colleagues found an upregulation of this gene in human T2D beta cells compared to beta cells from healthy individuals separated by laser capture micro-dissection [13] . Our results show the same pattern of expression as found in this study, although the difference in expression in our study between control and T2D human islets did not reach statistical significance. Animal knockout models of Tspan8 show changes in pancreatic development, whereas Tspan8 over-expression results in pancreatic structural differences in Xenopus [25] . Although no differences in glucose metabolic traits were seen in Tspan8 mouse knockout models, the authors suggest that this could be due to a species-specific difference, as no expression of Tspan8 was found in mouse pancreatic cells, as opposed to documented expression in human pancreas [26] . We also found no expression of Tspan8 in the rodent pancreatic beta cell line INS-1 in this study. The orphan receptor LGR5 on the other hand shows little evidence of expression in the beta cell, although it has a role in WNT signaling in stem cells of the intestinal crypt and hair follicles (as well as expression in skeletal muscle, placenta, spinal cord and brain) [27, 28] . Neither of these genes were differentially regulated in response to increasing glycemia in INS-1 cells. Together, these findings point to TSPAN8 as the more likely causal gene at the TSPAN8/LGR5 locus.
The CDKN2B gene is in a locus spanning two potential candidate genes (CDKN2A/2B). This particular susceptibility locus is also associated with impaired GSIS, with individuals with the risk allele for rs10811661 showing decreased insulin release after an oral or IV glucose challenge [20] , perhaps indicating a role in the transition from impaired glucose tolerance to overt diabetes. Both potential genes linked to rs10811661 are good candidates, both being involved in cell cycle control through the CDK4 pathway and potently inhibiting pancreatic beta cell proliferation [5, 29] . Cdk4 knockout mice have been shown to have decreased beta cell proliferation and develop diabetes and Cdkn2a transgenic mice models show differences in islet cell proliferation [5] . We found that the short isoform of CDKN2B (NM_078487.2; isoform 2) had no expression in control or T2D islets, whereas the long isoform of CDKN2B (NM_004936.3; isoform 1) had higher expression in T2D islets, compared to having little or no expression in control islets (Figure 2 ). This suggests that isoform 1 of CDKN2B may be either part of the causal pathway to diabetes, or affected by the diabetic microenvironment, whereas CDKN2B isoform 2 may not have an important role in the beta cell. Although CDKN2A was expressed in control and T2D islets, no significant changes in expression for this gene were observed. We found no expression of Cdkn2b in INS-1 cells, although this may be due to a species-specific difference in isoform expression (there is only one full-length isoform for Cdkn2b described in rats, compared to two CDKN2B full-length isoforms described in humans [30] ).
Figure 2. Significant differences in expression of genes associated with T2D susceptibility by GWAS in islets from controls and individuals with T2D. The relative expression of the longest transcript of CDKN2B between control and T2D islets is shown, where NM_004936.3 has no expression in control human islets and is upregulated in T2D islets. Gene expression differences were analyzed using the Mann-Whitney U test and were normalized to the mean expression of the most stable endogenous controls (B2M, GUSB). The expression is shown relative to median expression across all genes. Significant results (P < 0.05) are indicated by * .
We observed an up-regulation of Tmem195 in response to increasing glycemia in INS-1 cells, although we found little evidence for expression of this gene or the other candidate gene at this locus, DGKB, in human islets ( Table 2) . TMEM195 (alkylglycerol monooxygenase; AGMO) is a class of tetrahydrobiopterin-dependent enzyme, which cleaves ether lipids, which have various structural roles and are involved in signaling processes, whereas the other candidate gene at that locus, DGKB, encodes a regulator of the second messenger diacylglycerol [31] . The DGKB/TMEM195 locus is associated with estimates of beta cell function and decreased GSIS [19] , however, there is little evidence in terms of gene function
OPEN ACCESS
that points to either gene as the most likely causal gene.
At the remaining two loci (CAMK1D/CDC123 and HHEX/IDE), all 4 genes showed evidence of expression in human islets, but we found no evidence of significant gene expression differences between control and T2D islets. Cdc123, Hhex and Ide (Camk1d is not present in rat) did not show differential regulation in INS-1 cells in response to increasing glycemia, providing no evidence for a role of these genes in T2D progression. These results could indicate that altered gene expression may not mediate the effects of these genes at these loci, although isoform-specific expression differences for CAMK1D and IDE, which encode more than one transcript variant, cannot be ruled out. Both loci have been associated with aspects of beta cell function, indicating that they have their effect through altered beta cell function [18, 20, 32] .
In conclusion, we have demonstrated that expression profiling of human islets could be a useful tool in indicating causality at T2D susceptibility loci. Our data suggest that CDKN2B, rather than CDKN2A, and TSPAN8 rather than LGR5, may be better candidates at their respective loci, based on their expression profiles in nondiabetic and diabetic human islets, and in beta cells treated with glucose in vitro.
